Formation of dressed light-matter states in optical structures, manifested as Rabi splitting of the eigen energies of a coupled system, is one of the key effects in quantum optics. In pursuing this regime with semiconductors, light is usually made to interact with excitons -electrically neutral quasiparticles of semiconductors, meanwhile interactions with charged three-particle states -trions -have received little attention. Here, we report on strong interaction between plasmons in silver nanoprisms and charged excitons -trions -in monolayer tungsten disulphide (WS 2 ). We show that the plasmon-exciton interactions in this system can be efficiently tuned by controlling the charged versus neutral exciton contribution to the coupling process. In particular, we show that a stable trion state emerges and couples efficiently to the plasmon resonance at low temperature by forming three bright intermixed plasmon-exciton-trion polariton states. Our findings open up a possibility to exploit electrically charged trion polaritons -previously unexplored mixed states of light and matter in nanoscale hybrid plasmonic systems. * jorge.cuadra@chalmers.se † timurs@chalmers.se 1 arXiv:1703.07873v2 [physics.optics]
to the neutral A-exciton. The blue curve depicts the PL at 77 K, the peak at 598 nm is the neutral Aexciton that has blue-shifted. The peak at 611 nm is a charged exciton and dominates the PL emission. Temperature dependence. We now explore the evolution of the strongly coupled system by varying its temperature (see Methods for experimental details). Since the PL spectrum exhibits the appearance of a trion resonance at low temperature, one could expect strong interaction between the trion and the plasmon. The DF spectrum of the hybrid system ( Fig. 2 ) measured at ambient conditions reveals the splitting of the resonance into two peaks, which demonstrates the formation of plasmon-exciton polaritons. The high-energy peak represents the upper polariton and the low-energy peak is the lower polariton. The dip between the polaritonic branches coincides with ω X 0 . Upon decreasing the temperature down to liquid nitrogen (77 K), the charged state of the exciton is clearly observed and starts dominating the PL spectrum (see Fig. 1b and SI Fig. S3 ). As this resonance is split from the exciton by only ∼40 meV, the strong interaction of both exciton and trion resonances with the plasmonic cavity is plausible. This is revealed by the appearance of two dips in the DF spectrum that match the energies of the exciton and trion states (see Fig. 2 T=77 K). The hybrid system thus experiences a transition from plasmon-exciton interaction at room temperature to a more complex plasmon-exciton-trion interaction at low temperature, which is schematically illustrated in Fig. 2 (right panel) . This evolution was studied by measuring the DF scattering as a function of temperature. The results for the hybrid system with approximately zero detuning (the detuning is defined at 77 K) are presented in Fig. 3a .
The cases of positive and negative detuning are shown in the SI (Fig. S2) . Irrespectively of the detuning, however, the temperature induced modifications are similar: two dips are clearly observed at low temperature, which demonstrate that both the neutral exciton (the high-energy dip) and the trion (the low-energy dip) interact strongly with the plasmonic cavity.
The coupled plasmon-exciton-trion system thus results in a formation of three bright hybrid states -upper, middle and lower polaritons. The corresponding exciton, trion and plasmon contributions can in principle be inferred from the spectral data. Notably, all polaritons possess non-vanishing contributions of all three system subparts -excitonic, trionic and plasmonic. For this reason these states are potentially interesting for charge transport as they carry non-zero net electrical charge (positive in this case). The composition of these states can be understood by diagonalyzing the 3×3 Hamiltonian of the system [37] :
with g X 0 and g X + being the interaction constants of plasmon with exciton and trion, respectively and γ X 0 (γ X + ) corresponds to the dissipation rate of the exciton (trion). The main conclusion of this analysis is that for the appropriate parameters there exists a solution with three bright polariton states. The middle polariton has a relatively small, ∼20%, plasmon component (which vanishes completely in the very strong coupling regime), while both upper and lower polaritons are composed roughly of ∼50% plasmon and of ∼25% exciton and ∼25% trion respectively (see SI, Fig. S7 ).
As the temperature rises, the dip associated with the trion state becomes less pronounced and completely disappears at 300 K. Such behavior is consistent with the PL measurements and reflectivity data of the bare monolayer WS 2 (see SI Fig. S3 ) and can be explained by taking into account the loss of oscillator strength by the trion as the temperature is increased [44] . Additionally, note that the binding (dissociation) energy of the trion is about 40 meV, which is comparable to k B T at room temperature thus making the trion less stable at elevated temperatures. The strong interaction between the plasmon and neutral exciton, however, remains throughout the whole temperature range studied. This is likely due to the fact that the exciton increases its oscillator strength as the temperature rises. It is also important to note that the binding energy of the exciton, which is on the order of ∼700 meV, is much above the thermal energy and thus thermal dissociation and broadening does not prevent the coupling even at room temperature.
The temperature dependence of the oscillator strength can be understood by noting that the oscillator strength depends on the number of available states. By decreasing the temperature the distribution of states changes in favour of trions. Thus the trions gain and the neutral excitons loose the oscillator strength upon cooling [44] . This is consistent with our observations.
Coupled oscillator model. We now turn to an in-depth analysis of the temperature scans. We use a modified coupled harmonic oscillator model to extract the parameters of the hybrid system. This model considers a cavity driven by an external field, which is coupled to two dissipative oscillators [45, 46] (see Methods). In this case, we consider coupling to neutral and charged excitons. The scattering cross-section of such a system is then given by:
with
being the harmonic oscillator terms for the exciton, trion and plasmon, respectively.
We further utilize Eq. (2) to fit the temperature-dependent DF scattering spectra. We observe that the coupled oscillator model reproduces the experimental results exceptionally well (see semi-transparent red curves in Fig. 3a ). The parameters extracted from the coupled oscillator model as a function of temperature are shown in Fig. 3b -d.
The first important observation is that the coupling to the neutral excitons g X 0 drops, whereas the coupling to the trions g X + increases upon cooling (Fig. 3b ). This ultimately leads to the emergence of the two dips in the scattering spectra at low temperature. At the same time at high temperature, coupling to trions essentially vanishes. This is confirmed by a substantial degradation of the fit quality for T=300 K (note the error bars for the trion coupling rate at T=300 K). This is in agreement with the qualitative analysis above, where we argued that the trion becomes less stable at room temperature. Notably, at room temperature the interaction becomes rather weak and Fano-like despite the relatively high value of the coupling strength with respect to decoherence rates of the plasmon and the exciton. This is because of the large plasmon-exciton detuning at room temperature (see Fig. 3a ,c T=300 K).
Another important observation is that both the trion and the exciton resonances blueshift upon cooling (Fig. 3c ). This is in agreement with the standard semiconductor behavior [47] and is confirmed here on the bare monolayer WS 2 (see SI Fig. S3 and S5). The fact that the exciton and trion resonances follow the temperature dependence that is consistent with the standard semiconductor behavior even in the coupled system signals that the coupled oscillator model provides a meaningful physical picture and therefore justifies its use. Indeed, temperature dependence of the semiconductor bandgap is conveniently described by the O'Donell model for the temperature dependency of the semiconductor energy gap [47] ,
where
is the bandgap at 0 K, S is the electron-phonon coupling strength, and ω is the average phonon energy. This model fits our data both coupled ( [12] , which again justifies the use of the coupled oscillator model. Furthermore, we observe that the dissociation energy, ω X 0 − ω X + , is nearly constant in the studied temperature range and is about 40 meV (see Fig. 3c and Fig. S3 ).
We note that for the uncoupled nanoparticle system the plasmon resonance is expected to red shift upon cooling [48] (see SI, Fig. S1 ). However, in the coupled system this behavior is not observed (see Fig. 3c ). We argue that this is due to interaction with the TMDC material, which "pulls" the plasmon resonance to higher energies at low temperature. In other words, exciton and trion resonances follow the standard semiconductor temperature dependence in accordance with Eq. (2), while the plasmon passively follows the change in its immediate dielectric environment induced by temperature changes.
We further extract and compare the decoherence rates to elucidate on whether or not the strong coupling condition is met (see Figs. 3b,d ). We note that the strict condition for the strong coupling regime, that is, 2g X 0 > γ pl , is satisfied for neutral excitons but not for trions (2g X + > γ pl ) at high temperature. As we show in the SI this regime manifests itself through several observable Rabi cycles (see Fig. S6 ). At high temperatures the trion is in the weak coupling regime as the coupling becomes less than both cavity and trion dissipation rates 2g X + < γ pl , γ X + [18] . At high temperatures, however, the system is in the intermediate regime for the independent exciton and trion contributions - [46, 49] , while the combined coupling still exceeds the strong coupling
γ pl . We thus conclude that the combined plasmon-exciton-trion system reaches the strong coupling regime. Noteworthy, the plasmon-trion coupling here, g X + ≈50 meV, exceeds the trion binding energy, ω X 0 −ω X + ≈40 meV, which is an interesting regime since the light-matter coupling surpasses the Coulomb interaction in this case. It was recently predicted that in this regime the trion orbital and spin properties are strongly modified [50] . In the following discussion, we calculate the scattering and absorption crosssections of the coupled system to demonstrate this point more rigorously (Fig. 4) .
In further analysis (Fig. 3d) , we notice that the linewidth of excitons and trions reduces upon cooling, thus making the corresponding scattering dips more pronounced. Exciton line narrowing upon cooling is a well-documented behavior consistent with previous results [51, 52] and confirmed here for the uncoupled exciton and trion system (see SI, Fig. S3 ). At the same time plasmons in the coupled system do not narrow upon cooling (Fig. 3d ). This is somewhat surprising considering that uncoupled plasmons are anticipated to red shift and slightly narrow upon cooling as was reported previously [48] and confirmed here in a control experiment (see SI Fig. S1 ). Such behavior is likely caused by the weak interaction with the TMDC material. Indeed both plasmon resonance and its full width half maximum depend on the electromagnetic environment, which is temperature-dependent in this case.
In closing the analysis section, we note that of WS 2 was introduced phenomenologically (by two Lorentzian contributions), yet it also leads to a good agreement between the experiment and the theory. Thus the phenomenological ε(ω) at low temperature corresponds to the coupling rates of both neutral and charged excitons extracted from the coupled oscillator model (Fig. 3b) .
In addition to the calculated scattering spectra (Fig. 4a) , we perform calculations of absorption cross-section of the coupled system as well as its components -Ag nanoprism and WS 2 monolayer (Fig. 4b) . The plots in Fig. 4b clearly show splitting of absorption in the Ag nanoprism, as well as smaller but visible splitting in the absorption spectra of the WS 2 monolayer. This is a signature of strong coupling [49] . The small splitting in the 2D material absorption is explained by a lack of long-lived oscillations between Ag and WS 2 .
As shown in Fig. S6 , the time evolution of the Rabi oscillations is short-lived and exhibits only one significant period. A similar observation can be drawn from the oscillations of the electric fields around the Ag triangle, where the excitation energy alternates between the plasmon-polariton (visible enhanced fields) and the 2D material (see SI movies).
We further inspect the electromagnetic energy density distributions, ρ(r), [54] in the coupled system (Fig. 4c) . We observe that the mode in the nanoprism is confined mainly to its interior. We also observe that while the energy density in the WS 2 is greater than in Ag, the monolayer occupies only a small volume due to its two-dimensionality and therefore the total energy stored in the metal and the 2D material is similar. For single nanoparticles the mode is concentrated within its volume [55] [56] [57] and to obtain long-lived Rabi oscillations the excitonic material needs not only a large transition dipole moment, but also needs to saturate the small fraction of the mode present outside the metal resonator [6, 58] . In the present case this is not possible (Fig. 4c ), yet filling up a small fraction of the mode volume with the 2D material is enough to reach the strong coupling. This is likely due to the large transition dipole moment of WS 2 (µ e =56 Debye [59] ). We thus conclude that a coupled plasmon-exciton polariton system comprising a silver nanoprism and monolayer WS 2 is very useful for practical realization of strong coupling. One may ask how many excitons contribute to the coupling process in this case, especially taking in mind the large transition dipole moment of WS 2 . Following the well-known relation for the coupling strength g = √ N µ e |E vac | = √ N µ e ω/(2εε 0 V ) and our previous estimations using J-aggregates [6] , we obtain N ∼ 10 − 20 for realistic mode volumes in the range of V = (2 − 4)×10 4 nm 3 . This number closely approaches the quantum optics limit thus making this system potentially interesting for photon-photon interactions.
DISCUSSION
To conclude, we have demonstrated that the optical response of the strongly coupled system can be tailored by tuning the temperature. At low temperatures the plasmonic cavity strongly interacts with both neutral and charged excitons in the monolayer WS 2 , whereas at room temperature only the neutral exciton is coupled to the plasmon. The hybrid structure in this study consists of an individual silver nanoprism and two-dimensional monolayer WS 2 .
This system is extremely compact, yet able to strongly interact with light.
We note that the temperature-dependent PL signal of the WS 2 monolayer and in particular the second resonance at low energy appearing upon decreasing of temperature follows the trend associated with the trion state [12] . Other low energy states like bound states or localized excitons [60, 61] have lower dissociation energies and are not stable at elevated temperatures [62] . Based on this, we conclude that the low energy peak observed in the PL spectrum (Fig. 1b) and the low energy dip in the scattering spectra (Figs. 2-3 ) indeed appear due to the positively charged exciton -i.e. the trion. Here, the trion state is stabilized by low temperature and chemical doping [63] .
Our findings demonstrate the principal possibility of studying electrically charged polaritons in a form of plasmon-exciton-trion hybrids. Here, this is done at low temperature to ensure the stability of the charged exciton state, however, by stabilization of the trion state by other means, for example by electrostatic doping, similar effects can be anticipated at room temperature [42] . Constructing macroscopic coherent polariton states that will constitute a coherent mixture of excitons, trions and cavity excitations may find use in charge transport and optoelectronic devices by boosting the carrier mobility [41] in analogous way to the theoretically predicted exciton transport enhancement mediated by a cavity [64, 65] .
This new degree of freedom -charged polaritons is the central observation of this work.
We envision that these findings may find potential implications for various optoelectronic applications, such as light harvesting and light emitting devices.
METHODS
Sample preparation: Silver nanoprisms were synthesized using a seed-mediated protocol [43] . WS 2 were mechanically exfoliated from bulk crystal (HQ-graphene) and transferred to a Si wafer with a thermally oxide layer (50 nm-thick) using the all-dry transfer method [66] .
Monolayers were identified by photoluminescence spectra and optical contrast. In order to ensure a proper density of nanoprisms covering the monolayer flake, an adhesion layer was deposited before the nanoprism (Polylisine 0.25 mg/mL), then nanoparticles are drop-cast and let them rest for 2 min, the excess of solution is gently removed by an absorptive tissue.
We note that the polymer layer that we utilize to adhere silver nanoprisms to the monolayer WS 2 plays an important role in the stabilization of the trions. This is likely induced by the chemical doping [63] . The trion in this case is mostly a positively charged state since the adhesion layer tends to p-dope WS 2 . To demonstrate this, in the SI (see Fig. S5 ) we perform a control experiment which shows that strong plasmon-trion coupling is not observed in the absence of the poly-lysine adhesion layer.
Optical measurements: Dark-field optical microscopy and spectroscopy measurements were done using a laser driven light source (ENERGETIQ EQ-99XFC) with side illumination configuration at an angle of about 50 degrees. For photoluminescence experiments, the sample was excited by a CW 532 nm (2.33 eV) laser under irradiance of ∼100 W/cm 2 .
PL and DF signals were collected using a 20× objective (Nikon, NA=0.45) and directed to a fibre-coupled 30 cm spectrometer (Andor Shamrock SR-303i) equipped with a CCD detector (Andor iDus 420). Low temperature measurements were performed using a cold finger optical cryostat (Janis).
Coupled oscillators model: Each component (plasmonic nanoparticle, exciton, and trion) of the coupled system is described as a harmonic oscillator with its own resonance frequency and damping. Coupling between the nanoparticle and WS 2 excitations is mediated via inductive terms proportional to the oscillator velocities. Dynamics of the full system is therefore modeled by three coupled equations [45] :
Here, x pl , x X 0 , and x X + represent coordinates of the cavity, exciton, and trion oscillators, respectively, E(t) is the driving electric field, and e is the elementary charge. We assume that only nanoantenna interacts directly with the incident field which reflects the fact that exciton and trion extinction is negligible compared to that of the plasmonic nanostructure [45] . The scattering cross-section of the coupled system, being dominated by the nanoparticle dipole moment radiation, can be estimated in this phenomenological approach
Finally, we note that this approach can be easily generalized to an arbitrary number of coupled oscillators.
1.
Bare nanoprism data: Figure S1 displays the DF spectra as a function of temperature for an individual bare Ag nanoprism. The decrease of the temperature from 300 K until about 225 K (Debye temperature T θ for bulk silver is ∼235 K) causes a red-shift of the plasmonic resonance. Below T θ , damping due to electron-phonon scattering is reduced and the plasmon's resonance barely moves and exhibits a saturation [1] . 
4.
Coupled system without polymer adhesion layer 
5.
Semiconductor model:
The O'Donnel model gives the following values of E g (0) =2.07 eV (2.02 eV), S=1.78 (2.0) and
The different values of ω for X 0 and X + might come from the fact that our temperature range covers only the decaying part of T (for T below 77 K the peak position reaches a quasi-steady state and both resonances barely move). The extracted parameters agree with previously reported values [3] . It is worth noticing that the ω , although different for exciton and trion, is similar to the energy of the LA phonon [4] . The S value is rather homogeneous among TMD monolayer and increases as the number of layers is decreased [5] this implies a strong electron-phonon coupling caused by confinement owned by the monolayer. for X 0 (X + ) correspondingly.
6.
Rabi Oscillations: Figure S6 . Visualisation of Rabi oscillations using FDTD. Field amplitudes as a function of time.
Note ultrafast energy transfer between metal and WS 2 corresponding to several Rabi cycles.To monitor the temporal evolution of the excited we track the amplitude of the electric field of the plasmon of the Ag nanoprism and the auxiliary electric field in the WS 2 , which is a measure of the amount of energy stored in the 2D material in the form of excitons.
7.
Plasmon-Exciton-Trion Hamiltonian:
To understand the dynamics of the coupled system we analyze the eigen problem of the Hamiltonian describing the coupled system. We use the following basis: |1, g, g , |0, e, g , |0, g, e , where the corresponding symbols refer to plasmon, exciton and trion excitations.
These notations lead to the following Hamiltonian:
Here ω pl , ω X 0 , ω X + and γ pl , γ X 0 , γ X + are resonance frequencies and dissipation rates for We solve the corresponding eigen problem numerically. The contributions from each constituent system to the polariton branches turn out to be highly dependent on the coupling strength and the detuning. By studying the results when combined strong coupling eV; γ pl = 200 meV, γ X 0 = 50 meV, γ X + = 60 meV; g X 0 =220 meV, g X + =176 meV. Note that MP has nearly zero plasmon contribution meaning that MP is essentially dark.
